[1] We report a detailed programmed-temperature pyrolysis/combustion methodology for radiocarbon ( 14 C) dating of Antarctic sub-ice shelf sediments. The method targets the autochthonous organic component in sediments that contain a distribution of acid-insoluble organic components from several sources of different ages. The approach has improved sediment chronology in organic-rich sediments proximal to Antarctic ice shelves by yielding maximum age constraints significantly younger than bulk radiocarbon dates from the same sediment horizons. The method proves adequate in determining isotope ratios of the pre-aged carbon end-member; however, the isotopic compositions of the low-temperature measurements indicate that no samples completely avoided mixing with some proportion of pre-aged organic material. Dating the unresolved but desired young end-member must rely on indirect methods, but a simple mixing model cannot be developed without knowledge of the sedimentation rate or comparable constraints. A mathematical approach allowing for multiple mixing components yields a maximum likelihood age, a first-order approximation of the relative proportion of the autochthonous component, and the temperature at which allochthonous carbon begins to volatilize and mix with the autochthonous component. It is likely that our estimation of the cutoff temperature will be improved with knowledge of the pyrolysis kinetics of the major components. Chronology is improved relative to bulk acid-insoluble organic material ages from nine temperature interval dates down to two, but incorporation of inherently more pre-aged carbon in the first division becomes more apparent with fewer and larger temperature intervals.
Introduction
[2] When datable carbonate minerals are absent, the use of sedimentary, acid-insoluble organic material (AIOM) for sediment core chronology is necessary. Bulk radiocarbon dating of AIOM is normally applied in such cases [Andrews et al., 1999; DeMaster et al., 1996; Domack et al., 2001; Kellogg et al., 1979; Licht et al., 1996 Licht et al., , 1998 ], but becomes ambiguous when allochthonous carbon derived from multiple sources of different ages is present [McGeehin et al., 2001 [McGeehin et al., , 2004 . Biased ages resulting from the simultaneous immobilization of pre-aged carbon and fresh carbon in a sediment horizon have been well documented in Antarctic sediments from both the Ross Sea and near the Palmer Peninsula [Andrews et al., 1999; Domack, 1999] . In both locations, radiocarbon chronologies have necessitated surface ages well in excess of the accepted 1.2 ka reservoir age to explain core top ages [Andrews et al., 1999; DeMaster et al., 1996; Domack, 1999] . An improvement to the bulk radiocarbon technique for such sediments is imperative for comparisons between ice core climate records and sedimentary records of ice shelf collapse [Andrews et al., 1999] .
[3] Several methods have been conceived to improve bulk radiocarbon dates where ambiguities related to mixing of carbon sources exist. Elegant methods such as compound-class and compoundspecific radiocarbon dating [Eglinton et al., 1996] , which have been successfully applied elsewhere in the Antarctic [Ohkouchi, 2003; Ohkouchi and Eglinton, 2006] , are limited in Antarctic peninsula sediments due to low concentrations of desirable compound classes such as sterols relative to preaged carbon [Villinski et al., 2008] .
[4] We have approached the dating of AIOM in Antarctic sediments by exploiting the difference in thermochemical stability between fresh autochthonous AIOM and diagenetically stabilized allochthonous AIOM. The result has been improvement of the chronologies by establishment of a maximum age constraint, significantly younger than bulk radiocarbon ages, on individual sediment horizons. Here we provide a detailed description of a flowthrough incremental programmed-temperature pyrolysis method, focusing on the considerations necessary to provide minimum age constraints and maximum likelihood ages required for correlation of sedimentary ice shelf records to highresolution climate records such as those interpreted from ice cores. The following discussion will focus on a sample that was analyzed at very high resolution to demonstrate proof of concept, as a well as a lower-resolution treatment of a core possessing radiocarbon-dated foraminifer tests.
Methods
[5] Sediments from two kasten cores (KC-49 and KC-5) taken from 600 and 400 m.b.s.l. aboard the Nathaniel B. Palmer in 2001 ( Figure 1 ) were sampled and dried shipboard as previously described . At the National Ocean Sciences Accelerator Mass Spectrometer facility (NOSAMS, Woods Hole Oceanographic Institution), the samples were rinsed with 10% HCl at room temperature for 60 minutes to dissolve carbonates while minimizing hydrolysis of organic material. Samples were dried in a low-temperature oven for 24 h. Aliquots of 0.1-0.3 g dried sediment were weighed onto quartz wool (pre-combusted in air for 2 h at 525°C) in a quartz flow-through reactor (Figure 2 ).
[6] The quartz reactor was supported within the top portion of a quartz combustion chamber (Figure 2 ) at the axis of a tube furnace. Both the quartz reactor and the combustion chamber were cleaned by baking at 850°C. The annular space between the quartz vessels was continuously purged with $5 mL/min of ultra-high-purity (UHP) O 2 in He, while the central reaction vessel was continuously purged with 30 mL/min of UHP He (Figure 2 ). These rates were chosen to rapidly transfer pyrolysis products to the combustion chamber, to prevent backstreaming of O 2 into the pyrolysis reactor, to provide adequate contact times in the combustion chamber, and to purge the CO 2 detector rapidly enough to provide good dynamic response to varying releases of carbon. The pyrolysis furnace was programmed to provide a gradual temperature ramp of +5°C/min. Just below the sample chamber, the annular and axial gas streams mixed, adding O 2 to the stream of pyrolysis products entering the quartz combustion chamber. A second tube furnace around this section was set at a constant temperature of 800°C. The gas flowing downstream of the confluence consisted of 3% O 2 together with the pyrolysis products in a balance of He. Oxidized Cu wire intertwined with Pt and Ni wires catalyzed the conversion of pyrolysis products into CO 2 .
[7] Directly downstream from the combustion furnace, the sample flowed through a nondispersive infrared CO 2 detector and subsequently to one of two cryogenic traps composed of 8 loops of Pyrex tubing (4 mm o.d., 3 mm i.d.) partially immersed in liquid N 2 . The traps were connected to an assembly of six remotely controlled, vacuum-actuated valves. By toggling the valve states, one trap could accumulate condensable products from the gas stream while the other was open to a vacuum line for gas transfer and purification. The photometrically determined CO 2 concentration was recorded with simultaneous temperature readings from the pyrolysis furnace. Integration of the CO 2 signal provided a cumulative molar total of CO 2 that had evolved during pyrolysis of the sediment sample. This total served as a fundamental guide for splitting of optimal sized samples for AMS 14 C measurement.
[8] In the vacuum line, gas samples transferred from the trapping system were distilled to remove H 2 O and incondensables, and then quantified manometrically. Manometric measurements were conservatively within 10% of photometric measurements, primarily varying due to interfering gases such as water flowing through the CO 2 analyzer. Accuracy of both manometric and photometric quantification of CO 2 was tested periodically using thermal evolution of CO 2 from known quantities of NaHCO 3 , illustrating improved photometric yields with ''clean'' CO 2 gas (Figure 3 ). Yields measured photometrically did not vary significantly over the range of temperatures (5% relative standard deviation (%RSD) between CO 2 pulses (Figure 3) ). The observation that both photometric and manometric determinations of the CO 2 evolved from Na 2 CO 3 decomposition (second peak) were higher than the measurements of CO 2 evolved from NaHCO 3 dehydration (first peak) implies that the NaHCO 3 reagent was contaminated with Na 2 CO 3 . The amount of contamination implied is in the vicinity of 1%. Nonetheless, this exercise afforded periodic verification of both CO 2 quantification methods as well as the accuracy of the thermocouple readings at the point of reaction.
[9] The following results and discussion pertain to three samples from two kasten cores (Figure 1 ). Kasten core 49 (KC-49) contained three distinct sedimentological units (Figure 4a ) which represent the progression from glacial conditions to deglacial (sub-ice shelf) and finally to open marine setting. A muddy diamicton, a granulated unit, and a thick, diatom rich, mud unit, respectively, represent these conditions. The glacially sculpted seafloor (red dotted line in Figure 4c ) is in agreement with the presence of a glacial till that forms part of a series of mega-scale glacial lineations found across the Erebus and Terror Gulf [Camerlenghi et al., 2001; Backman and Domack, 2003 ]. This morphology is overlain by a hemipelagic drape and drift deposit (the Vega Drift) [Camerlenghi et al., 2001] . Highresolution seismic data of the Vega Drift (Figure 4c ) were used as a guide to locate an ideal setting for the extraction of core KC-49. Sediment accumulation rates in the coring site were significantly lower than regions to the south, thus the glacial and Holocene marine sediment record is condensed to less than one-fourth the thickness of the sediment drift to the south. Although the second kasten core, KC-5 (Figure 1 ), also contains three stratigraphic intervals (a diamicton, a gravelly sand to granulated mud, and a sandy mud), none represent open marine conditions. The lower glacial unit transitions to a grounding line facies and then into a subglacial facies [Domack et al., 2005] . Samples from and KC-5 (1-4 cm and 24-25 cm horizons), each weighing 0.3 g, were pyrolyzed and evolved gas was collected at approximately 12 mmol C intervals (Table 1 ) resulting in 9 measurable aliquots of CO 2 for KC-49 and at approximately 27 mmol intervals for KC-5 resulting in 2-3 aliquots. Approximately 10% of each of these splits was taken for determination of d 13 C ratios and the balance graphitized by standard Fe-H 2 reduction for measurement using conventional AMS techniques.
[10] Early attempts at this procedure yielded samples with a cloudy condensate visible upon freezing into 6 mm Pyrex tubes and flame sealing under vacuum after manometric measurement. Subsequent samples, including KC-49 244-245, were frozen on copper oxide and granulated silver, and combusted redundantly at 525°C for 2.5 h to ensure complete transition of pyrolysis products to CO 2 and removal of sulfur; both deemed as possible causes for the cloudy residue. Evolved gases that displayed this residue were normally from the lowest-temperature intervals of the pyrolysis sequence (100°C-320°C) and they produced a translucent, yellow refractory residue on the inner wall of the 9 mm Pyrex tubes after redundant combustion. The residue did not affect graphitization yield. To investigate the chemical provenance of the yellow residue, several methods were attempted for qualitative analysis using ICP-MS. Sonication of the tubes containing residue in concentrated nitric acid did not appreciably mobilize the refractory residue. Laser ablation sampling of glass pieces containing this residue was successful in mobilizing some proportion of the residue for Figure 3 . Sodium bicarbonate quantification. The thermal evolution of sodium bicarbonate in a He atmosphere allowed comparison of both methods of CO 2 quantification used in this approach. Yields from both photometric and manometric measurements were 97% of the known quantity. The separate CO 2 peaks were identical to within a 3.5 -5.6% relative standard deviation (RSD, manometric-photometric, respectively). This exercise also allowed periodic verification that thermocouple temperature readings were indicative of actual temperatures at the point of reaction. Here, the dehydration of bicarbonate and the decomposition of sodium carbonate occurred near the well-documented temperatures of 180°C and 850°C, respectively. Because both the photometric and manometric determinations of the decomposition peak are similarly larger than the same determinations of the dehydration peak, it is probable that the sodium bicarbonate reagent used contained 1% Na 2 CO 3 . analysis by ICP-MS. Relative to Pyrex tubes containing copper oxide and ''clean CO 2 '' which were sealed under vacuum and heated to 525°C, the tubes containing the yellow residue displayed copper count rates of 3 orders of magnitude higher. Chloride could not be measured using this technique, but it is likely that the residue was an insoluble complex of copper chloride.
Results
[11] Original bulk AIOM ages for KC-49 (Figure 4a ) increase in a smooth curve down core through the diatomaceous mud and granulated units, but the date from the diamicton facies lies well out of this progression. A preliminary version of the pyrolysis which did not actively measure CO 2 in-line (thus inhibiting the ability to carefully resolve a targeted aliquot of gas) was applied to seven sediment samples from KC-49 in duplicate of the bulk-dated horizons. Dates based on organic C released at high temperatures (red points in Figure 4a ) are consistently similar to the original bulk AIOM dates. In the diatomaceous mud and granulated facies, those based on organic C released at low temperatures (blue points in Figure 4a ) are 2000-3000 years younger. In the diamicton unit, low-temperature dates were over 10,000 years younger than the bulk AIOM dates. The contrast between the high-and low-temperature ages indicates that reworked organic carbon is released mainly at high temperatures. That much larger difference between the high-and lowtemperature ages in the diamicton indicates a greater influence of reworked carbon in that unit. The effect is notably stronger in the diamicton, as indicated by the large difference in the d
13
C values between the diamicton and the rest of the core.
[12] Heating of the sample to 700°C in a He atmosphere was sufficient to quantitatively convert all organic matter to CO 2 . The total CO 2 evolved from the pyrolysis of KC-49 244-245 ( Figure 5 ), normalized to the weight of the sample analyzed, reflects a 0.57% OC content which compares well to LECO-measured values of 0.55%-0.63% total carbon quantified at temperatures of 900°C (Figure 4a). In the worst-case scenario that the low-temperature fraction residues were copper complexed with an organo-acid derivative of the pyrolysis products that did not completely oxidize, they represent an insignificant amount of the total carbon evolved in the low-temperature fractions based on the agreement between our quantification of %C and determination of the same quantity by the LECO technique.
[13] Radiocarbon ages and photometric CO 2 concentrations from KC-49 are shown relative to temperature in Figure 5 . Ages of individual temperature fractions ranged from 10,400 years (f M = 0.274) to 21,600 years (f M = 0.068) (Table 1), Figure 5 . KC-49 thermograph. The heavy black line corresponds to pCO 2 (photometric) on the left axis as a function of temperature. The bars represent the temperature range over which a sample was trapped (width) and the age in radiocarbon years of that sample (height, right axis). Uncertainty on the radiocarbon ages is plotted as ±1s. compared to a bulk age of 21,000 years. The ages of individual temperature fractions increased nearly monotonically with temperature. Stable isotopic compositions of the evolved CO 2 decreased from À24.1% to À27.5% VPDB with higher temperatures, until increasing by 0.5% in the last temperature fraction (Figure 4b ). In terms of both measured carbon isotope ratios, there was a marked decrease in the rate of change between the final two temperature fractions, and the ages of these fractions are analytically indistinguishable.
[14] Radiocarbon ages from pyrolysis fractions, bulk AIOM, and forams in KC-5 are shown in Figure 6 . Again, pyrolysis ages increased monotonically with temperature and improved upon old-biased bulk AIOM ages. The pyrolysis ages, sampled at a less rigorous resolution than KC-49 244-245 cm, approach but do not match foraminifer ages.
Discussion

Assessing the Magnitude of Chronological Improvement
[15] Ideally, a sediment core would possess either easily datable foram tests or enough fresh organic material to separate specific compounds at an adequate yield for radiocarbon dating. Near KC-49, at the low-latitude reaches of the Antarctic Peninsula, the latter seemed a viable option in terms of the amount of organic material. Dates from specific compounds as well as compound classes proved to be highly ambiguous indicating significant reworking of the sediment and mixing of organic material of different ages [Ohkouchi et al., 2000] . In the sub-ice shelf sediments of KC-5, fresh sterols were not extractable from any horizon below the surface sediments due to both low productivity below the ice shelf and dilution of organic material by diagenetically altered material [Roe et al., 2006] . In both cases, reworked organic material has likely attained a higher degree of diagenetic stability, yielding leverage by which fresh organic material could be isolated and dated.
[16] The aim of this experiment was to release fresher material first. Neither combustion nor pyrolysis is perfect in this regard. Pyrolysis was chosen as preferable because it is less purely a chemical distinction. Fresh organic debris was expected to yield more volatile products than diagenetically altered organic material. The results in Figures 4-6 illustrate success in separating, to a first order, components of different ages.
[17] The results in Figures 4-6 also indicate the significant improvement in chronology achieved by this method. Despite the improvement, the results show that the actual ages of these sediment horizons, while better constrained, remain unknown (KC-49) or unresolved (KC-5). Pyrolysis of NaHCO 3 illustrates an ideal situation where the pyrolysis products of carbon sources (one source from dehydration of NaHCO 3 at $180°C, and another from decomposition of Na 2 CO 3 at $850°C) with different thermal stabilities are well Figure 6 . Pyrolysis ages from KC-5. Less finely divided sampling of the pyrolysis products than in core KC-49 produced significant improvement over bulk AIOM ages; however, the low-temperature component did not match the foramifer ages from the same horizons. This is due to the increased mixing of pre-aged carbon with the autochthonous component during the increased temperature domain over which the first split was taken. 2007GC001816 separated and easily differentiable (Figure 3) . It is unrealistic to expect such an ideal resolution of carbon components when dealing with multiple sources of organic material. Instead, an optimistic expectation for our approach would be the resolution of a low-temperature age plateau. The significant differences between low-temperature ages in KC-49 244-245 (i.e., the lack of a low-temperature age plateau) indicate that even the lowesttemperature fraction contains at least some older, allochthonous material, and the proportion of this material increases from a value greater than zero in the lowest-temperature fraction. Greater mixing of pre-aged carbon into the first temperature interval would be expected of less finely resolved KC-5. Thus the youngest age from this approach represents a maximum age constraint for the autochthonous material in this particular core horizon, and it is likely that the actual age of autochthonous material may be younger. In order to apply this method to compare sedimentary records to highresolution paleoclimate archives, a means to estimate the maximum likelihood ages of the autochthonous carbon fraction must be established.
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[18] A two-point mixing model with both an autochthonous and an allochthonous end-member would be desirable; however, neither core lends enough clues for success with such a simplified approach. Figures 4b and 5 illustrate that the method confidently determines the isotope ratios of the allochthonous end-member in KC-49 244-245 cm (i.e., there is a high-temperature age plateau), with a d 13 C ratio of À26.8 ± 0.6% and a f M of 0.079 ± 0.012 calculated from the averages and standard deviations of the final four temperature intervals. In the absence of either a complementary low-temperature plateau or knowledge of the mixture proportions, however, a mixing model cannot be constructed. If ages were known with better confidence either up-core or down core as in KC-5, an extrapolation could be made to 244-245 cm and used to estimate the absolute age of the young AIOM and, subsequently, the proportion of older material present. Although sediment deposited in diatomaceous horizons above 244-245 cm in the core may yield higher proportions of autochthonous organic material, the sediment core KC-49 contains no horizons with datable material other than AIOM, rendering this approach to establishing a mixing model unwieldy. The situation in KC-5 is not much improved despite knowledge of foraminifer ages. Here, the subsampling of pyrolysis products was not of high enough resolution to estimate either a pre-aged or autochthonous end-member. Furthermore, in presence of differential deposition [Mollenhauer et al., 2005] and bioturbation relative to particle size [Bard, 2001] , the question of the true age of AIOM would remain in spite of a foramifer age.
An Objective Estimate of the Autochthonous Component
[19] Without the necessary information for construction of a simple mixing model, an independent method by which ages, isotope ratios, and relative contributions of AIOM components can be conceived using only the structure of the thermograph in Figure 5 . Even in the absence of discrete peaks such as those provided by NaHCO 3 (Figure 3 ), the KC-49 thermograph demonstrates the presence of multiple components simply in terms of variations in the radiocarbon and stable isotopic compositions of individual temperature fractions. In absence of the low-temperature plateau, two inflection points on the rising limb of the thermograph can be conceived to signify changes in proportions of young, intermediate, and old sources of carbon. An estimation of the amounts of these components can be used to approach the maximum likelihood age and the relative proportion of the young AIOM component with an assumption about the pyrolysis kinetics of the individual AIOM components.
[20] In similar stable isotopic measurements of pyrolysis products, a Gaussian distribution of pyrolysis activation energies constituted a workable first-order approximation where the pyrolysis kinetics of the chemical classes present within the substrate were not precisely known [Cramer, 2004] . The thermograph of KC-49 244-245 ( Figure 5 ) can be decomposed into three Gaussian curves using a nonlinear regression procedure (Figure 7 ). An attempt to decompose the thermograph into four Gaussian curves resulted in an increase in iterations of the model from 18 to 111, which supports the significance of the inflection points suggested by the structure of the thermograph and illustrates the futility of trying to discern minor components (components that are small enough to not cause thermograph inflection points) despite the likelihood of their presence. Although several local minimizations exist, the two most plausible solution sets are shown in Table 2 .
[21] With three significant components of unknown age and d 13 C, the nine measurements of 
where superscripts M and C refer to measurements and significant components, respectively. In this case, i is the number of measurements and j is the number of components. Vectors [A] can be either fractions modern of radiocarbon (uncorrected for d 13 C) or stable isotope compositions, with the component fraction matrix [f] determined by the nonlinear regression of Gaussian solutions to the thermograph with the minimum residual summed between temperature divisions used during the experiment. To account for all CO 2 evolved during each ith temperature interval of each pyrolysis, we use the equality,
whereby each ith row of the component fraction matrix [f] must sum to 1.
[22] Radiocarbon solutions of equation (1) for the proportions in Table 3 a Solution set 1 is taken as the more applicable of the two sets because it has a lesser root mean square of the residuals, and when applied to solving equation (1), it does not run against the physical constraints of f M > 0. (1) has been solved for both isotopes measured. No constraints were applied to the stable isotope solutions to the system. For both the radiocarbon and d
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C systems, a constrained nonlinear routine was employed, with initial guesses similar to the simple algebraic solutions. Equation (1) was solved for [f] constructed from two plausible Gaussian regression solution sets (Table 2) despite one set producing a significantly lower residual. The solution of equation (1) using Gaussian regression 2 (Table 2 ) includes a component with f M < 0, rendering it unstable and confirming the lesser root mean square of the residuals of solution 1 as an indicator of the most realistic solution.
[23] At an age of 10,520 years, the youngest component in the solution to equation (1) is indistinguishable from the maximum age constraint provided by direct measurement of the low-temperature pyrolysis age. All of the stable isotope values in the d 13 C solution set are within published measurements on compound class carbon isotopic values from nearby Antarctic seas [Ohkouchi and Eglinton, 2006] . The model is consistent, but how accurate is this objective estimate of the actual age and proportion of autochthonous material at this core depth in KC-49? The answer lies in the assumptions about reaction kinetics for the pyrolysis of sedimentary organic material from the east coast of the Antarctica Peninsula. It is prudent, therefore, to constrain the autochthonous age with an independent approach for comparison in absence of knowledge of the exact reaction kinetics.
[24] Comparing end-member characteristics with inverse cumulative yield normally results in a linear relationship if the model is of simple mixing. Assuming the amount of autochthonous carbon is negligible in the temperature intervals after the first, this relationship (Figure 8 ) can provide further constraint on the age of the autochthonous component. The slope of this linear relationship (b) is related to the autochthonous age (expressed here as
where subscripts s and t refer to autochthonous and allochthonous components, respectively, and N is the number of micromoles of carbon in the lowesttemperature interval, assuming that only negligible amounts of the autochthonous component were present in temperature intervals 2-9 and that the final four intervals are representative of the preaged end-member. In other words, the age difference between the autochthonous component and the oldest allochthonous carbon is related to the slope of the linear relationship in Figure 8 , in proportion to the amount of autochthonous material in the lowest-temperature interval. Given information about the age of the allochthonous component and the proportion of autochthonous component in the lowest-temperature interval, an additional age constraint on the autochthonous component can be derived. Again, Figure 5 illustrates that a fair estimate of the allochthonous fraction is provided by the final four temperature intervals (f M = 0.079 ± 0.012). Further, the Gaussian decomposition approach allows a viable estimate of the fraction of autochthonous material in the first temperature fraction (0.96, Table 3 ); however, it does not provide a straightforward uncertainty (the largest uncertainty is likely the model selection, in any case). If the first temperature interval was entirely autochthonous carbon, these values would yield an age of 9650 ± 330 14 C years. This age decreases to 9020 ± 300 14 C years if it is assumed that the lowest-temperature interval consisted of only 90% autochthonous carbon. Such a range in compositions is not entirely out of the question, especially in the case where our assumption of Gaussian reaction kinetics is not accurate. The range in ages of these scenarios varies from the maximum likelihood Gaussian component age of 10,520 14 C years by significantly more than the analytical uncertainties of radiocarbon dates in this a These proportions are defined for each interval as the area under the given component in Figure 5 . The proportions make up the matrix f in equation (1), and the sum of each components proportions indicates the relative amount of autochthonous carbon to pre-aged carbon of different sources. 2007GC001816 age range. Still, the difference between these maximum likelihood ages is much less than the difference between bulk dates and the maximum age constraint directly measured from the lowtemperature fraction.
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[25] The KC-5 sub-ice shelf core provides an additional test of the pyrolysis method against known ages from foraminifer tests in each horizon. Figure 9 shows a Gaussian decomposition for both horizons using the same initial guess. The resulting four Gaussian distributions of major components does well to fit the thermograph of this core which is significantly more descriptive in both horizons than the analyzed horizon of KC-49. Gaussian components from each horizon in KC-5 are centered on the same temperatures indicating a geochemical significance of the components. Unfortunately, only 2 -3 actual measurements were made on these horizons rendering the system of equations (equation (1)) underdetermined (i < j). This has two consequences. First, equation (1) cannot be explicitly solved for either isotope measurement. Second the inverse yield mixing model discussed above would be in violation of its assumptions of no mixing in the first temperature interval due to the higher temperature defining that interval. This is not to say that every one radiocarbon date must become nine to employ this method; rather enough measurements need to be made to equal or be greater than the amount of major components and at least one sample must come from at or near the cutoff temperature where pre-aged carbon begins to volatilize to alleviate the two consequences, respectively.
Improving the Method
[26] Evaluation of these two mathematical approaches relative to each other aids in determining which one is more accurate; however, the question is immaterial in comparison to the difference between these age estimations and the bulk AIOM age. The Gaussian approach relays a maximum likelihood age estimation, which is as likely as the assumption of Gaussian pyrolysis activation energies. The linear model approach yields another maximum age constraint which is lower than this maximum likelihood age. The linear mixing model approach makes the assumption of two components in the mixture with negligible amounts of the low-temperature component in subsequent intervals. Conceptually this is favorable, and the Gaussian approach supports the second assumption with C years, assuming that the first temperature interval is entirely autochthonous carbon. Assuming a proportion less than 1 decreases this constraint. This constraint is comparable to the maximum likelihood age of 10,520 14 C years from the Gaussian decomposition method, especially in light of the large differences between these ages and the bulk AIOM age. only 4% of the autochthonous component being distributed over the remaining 8 temperature intervals. However, the Gaussian approach strongly suggests a third major component which depicts reality more complex than the two component linear model. The difference between these two estimates, however insignificant relative to our assumptions and the bulk age, illustrates that more must be understood about the pyrolysis reactions, but it is not large enough to discredit the significant improvement in chronology offered by this analytical method. Furthermore, improvement of the method is tangible.
[27] Analytically, sampling resolution is ultimately limited by sample size. Our effort to choose a target sample size of 12 mmol C in the proof of concept experiment (KC-49) minimized counting error on AMS analysis of small samples while maximizing the amount of temperature bins analyzed. Sampling at shorter temperature intervals than this is certainly possible but involves a proportional decrease in precision. Short of establishing a maximum likelihood age from the nine radiocarbon measurements, the Gaussian decomposition of the thermograph provides a first-order estimate of the low-temperature cutoff point at which allochthonous C becomes mixed with the youngest major component (Figures 4 and 9) . The amount of CO 2 evolved from KC-49 before this temperature (250°C) is approximately 5 mmol (a small but measurable amount), whereas the next 60°C resulted in an additional 7 mmol C.
[28] Sampling at a higher resolution in the temperature domain without sacrificing AMS measurement precision of robust small samples (>10 mmol C) would be ideal. Simply increasing the amount of sediment loaded into the reactor does not seem a viable option. Larger sediment weights either carry enough thermal inertia even during exceedingly slow temperature ramps and/or are volumetrically large enough to be differentially heated by thermal heterogeneities within the furnace to blur the resolution between components. This was observed by the lack of return to baseline levels of CO 2 evolution measured photometrically, even at temperatures as high as 1000°C for several tens of minutes, during pyrolysis of larger samples ($0.5 g). Without increasing sample size, the mathematical approach laid out above illustrates that it is likely that we can analyze a nearly pristine sample of autochthonous C, with some sacrifice in precision on a 5 mmol sample. Attempts to observe any low-temperature plateau in multiple aliquots of the first 5 mmol for an unequivocal estimate of this age is unlikely due to the higher Figure 9 . Gaussian decompositions of the KC-5 thermographs. Using the initial guess (blue curves, left side), a nonlinear Gaussian regression (black curves, left side) reproduces the raw data (thick red curves, both sides) very well. Major components brought forth by this analysis (individual Gaussians on right side) are centered at the same temperatures despite being from different core horizons. This implies a geochemical significance to the assumption of Gaussian reaction distributions. The thermographs from KC-5 are more descriptive than KC-49 244-245 cm, and they warrant 4 major components. Because only 2-3 measurements were made on each KC-5 horizon, these systems are underdetermined (after equation (1)) and the maximum likelihood ages of each of the individual components could not be calculated. statistical counting error associated with sample sizes less than 5 mmol. Of course, our estimation of 275°C as the temperature at which mixing of predated C begins to happen during pyrolysis would benefit greatly from a critical assessment of the assumption of Gaussian pyrolysis activation energies of the components.
Differential Deposition and Bioturbation
[29] Our data corroborate a number of recent reports [Mollenhauer and Eglinton, 2007; Mollenhauer et al., 2005 Mollenhauer et al., , 2006 Villinski et al., 2008] demonstrating that sediment being immobilized at the bottom of the infaunal mixing zone at a given time can have disparate age distributions. Several studies have focused both on the roles of differential bioturbation [Bard, 2001] and differential deposition [Mollenhauer et al., 2003 [Mollenhauer et al., , 2005 in producing varying age distributions of different particle classes (e.g., forams versus alkenones) in the same sediment core horizon. In these reports, age differences within a sediment horizon vary up to 4500 years [Mollenhauer et al., 2005] . In addition, Mollenhauer and Eglinton [2007] have presented a conceptual model with differential degradation of organic components as cause for large differences in D 14 C. Our resolution of different AIOM components for radiocarbon dating demonstrates age differences between components ($10,000 years) that significantly exceed typical infaunal mixing increments. This poses the question of how the age distributions of differently aged, contemporaneously immobilized sediment components change under the actions of bioturbating infauna. Since the first published work concerning bioturbation [Darwin, 1881] , the reigning assumption has been of uniform sediment age distributions at the time of deposition into the infaunal mixing horizon. Questions of individual sediment components with different ages have not normally been considered.
[30] Figure 10 shows a series of scenarios involving sediment deposited with different components having age distributions and component proportions similar to those in core KC-49, 244-245 cm ( Figure 7 and Table 3 ). The homogenized increment of sediment represents an amount of time,
where m is the depth of the homogeneous, or bioturbated, layer and r d is the increment of sediment deposited in a unit time (r d = dL/dT based on the formulation of Berger and Heath [1968] , where dL is the thickness of sediment deposited per unit time, dT). Varying this ratio varies the magnitude of the bioturbation footprint on the original sediment age distributions ( Figure  10 , right side). At the large homogenized increment T m = 2400 years (Figure 10 ), the age distribution of the bulk sediment begins to resemble a nonnormal unimodal distribution, but is far from the original component age distributions because considerable blending has occurred.
[31] The age distribution centroids of the falling sediments as well as their relative proportions in Figure 10 were identical to those in calculated from Gaussian decomposition of KC-47 244-245 cm ( Figure 10 and Table 3 ). The widths of the component distributions were chosen on the basis of the assumption that allochthonous organic material ( Figure 10 , blue and green distributions) is associated with fine particles which have a relatively large lateral component to their settling velocities and are more likely to have been entrained and resettled numerous times. The sharp distribution employed on the youngest sediment component (Figure 10 , red distributions) corresponds to a narrower distribution of ages that would best describe a coarse sediment component (such as a foraminiferal test relative to a clay particle) having a similar settling history to organic material which could be considered autochthonous. The model shown Figure 10 does not incorporate differential sedimentation rates, differential bioturbation, nor environmental signals as in the work by Bard [2001] , but the establishment of first-order effects of bioturbation on different age distributions of sediments within a single historical layer provides a foundation on which to incorporate differential bioturbation approaches with the abundant evidence of differential deposition. With evidence of differentially aged sedimentary components increasing as dating techniques are refined, it is important to provide improved models dealing with signal deconvolution as paleoceanographers and paleoclimatogists aim to compare sedimentary records from different regions during important, dynamic epochs of Earth history.
Conclusions
[32] Incremental pyrolysis can be used to improve upon bulk chronology of organic material in sediments that contain components from a spectrum of ages. The geologic implications of this advance are significant in light of our critical assessment of both the limitations and promise of this method. Analysis of the samples at a higher resolution will likely improve our understanding of the low-temperature ages of the sediments; however, a firstorder estimation of the low-temperature cutoff illustrates the difficulties associated with observing a low-temperature age plateau. Recent developments in AMS techniques may enable this approach in a more practical sense [Roberts et al., 2003 [Roberts et al., , 2007 ; however, these methods are not currently available. Information about the pyrolysis kinetics of major components in sediment would be beneficial in constructing multicomponent mixing models of the actual ages of the components and re-evaluating our estimate of the lowtemperature cutoff. A well-designed test of our reaction kinetics assumption in conjunction with higher-resolution analysis of the low-temperature components would enable further improvement on sediment chronologies using this technique. This work, in light of similar findings from studies of component ages within sediment horizons, suggests a new model for both deposition and bioturbation of marine sediments that will enable deconvolution of complimentary analytical methods carried out on different components in the same sediment core. 
